Always cite the published version, so the author(s) will receive recognition through services that track citation counts, e.g. Scopus. If you need to cite the page number of the TSpace version (original manuscript or accepted manuscript) because you cannot access the published version, then cite the TSpace version in addition to the published version using the permanent URI (handle) found on the record page. test. Statistically significant differences were observed in the assignment of both margin positivity (P = 0.014) and multifocality (P = 0.021). A positive margin or multifocal disease was identified by the use of whole-mount serial sections but missed in the simulated conventional assessment in 10.3% and 17.2% of all cases, respectively. There was no case in which a positive margin was detected only in the simulated conventional assessment.
Introduction
Lumpectomy surgery is part of the standard of care for T1 and T2 tumours, and offers improved cosmesis as compared with mastectomy. 1, 2 However, there remains a life-long risk of local recurrence. 3, 4 Pathological evaluation provides key descriptors of tumour extent and morphology, determines the adequacy of excision, and provides a basis for staging and planning of adjuvant therapies.
Two key descriptors are the disease status in the specimen margin and tumour focality. The prevalence of microscopic disease at the surgical margin is estimated to be 25%. 5 A positive margin is an indication for re-excision and an important risk factor for local recurrence. [6] [7] [8] [9] Diminished local control after lumpectomy surgery increases the risk of systemic disease 10, 11 and is associated with reduced overall survival. 12 Definitive primary surgery resulting in pathologically negative margins is more difficult to achieve when there are multiple foci of disease. Multifocality occurs in ~30% of breast tumours, 13 and is associated with positive margins in non-palpable tumours 14 and residual disease. 15, 16 Older studies have associated multifocality with an increased risk of local recurrence, 17 but this may reflect suboptimal surgical margin assessment. 18, 19 More recent studies have shown no increase in local recurrence when disease is multifocal, if all of the disease can be excised, 20, 21 emphasizing the importance of accurate margin assessment. Even when tumour is excised with pathologically clear margins as assessed by conventional methods, local recurrence rates are high in the absence of additional therapy. For ductal carcinoma in situ (DCIS) treated by 4 lumpectomy without adjuvant radiotherapy, multifocality has been identified as a strong predictor of recurrence. 22 Technical limitations of conventional pathological assessment can give rise to inaccurate measurements, which may, in turn, increase the risk of undertreatment and recurrence. Variations in tissue handling, grossing protocols and extent of sampling of blocks for microscopic evaluation pose a challenge for pathologists, and have been associated with variable accuracy in margin evaluation. [23] [24] [25] Given the impracticality of complete sampling of lumpectomies, the College of American Pathologists currently recommends microscopic examination, when practical, of the entire imaging abnormality in non-palpable lesions, and of all identified areas of gross lesion. 26 Conventional techniques fail to preserve conformation and orientational context in tissues. This may further confound accurate margin estimates. 27 Specimen compression has been associated with false-positive margins. 28 Disagreement between disease status in the margin and in the re-excision specimen 29 
Materials and methods

SPECIMEN COLLECTION AND PROCESSING
The study was conducted on 58 lumpectomy specimens obtained from the Department of Specimens from 58 patients, out of a total 90 patients who were assessed for eligibility, were included in the study. Patients who received preoperative radiation or chemotherapy, or specimens that would have been sampled in toto at the time of gross specimen preparation (n = 13; n = 9) or for which intraoperative consultation was required (n = 2), were excluded. Seven cases were excluded because of workflow constraints, and one because of cancellation of surgery post-inclusion.
Specimen preparation was performed as follows. Using the optical images together with the fixed tissue slices, the pathologist assistant performed the simulation of conventional sampling as follows ( Figure 1 ). With the cursor in place of a scalpel, areas in the optical images corresponding to the locations where a standard tissue block would be excised in the clinical setting were digitally outlined ( Figure 1a) . Guidance from the standard aids (patient record, palpation, and specimen slice radiography) was available as needed.
IMAGE PROCESSING
To create the WMSS image set (e.g. Figure 1b ), slides were digitized with a large-area confocal scanner (Tissue Scope; Huron Technologies, Waterloo, Ontario, Canada) at 2 µm/pixel resolution, which has been deemed in previous work to be adequate for tumour detection. 38 To create the SCS images, each whole-mount image was overlaid with the corresponding optical image by the use of purpose-built viewing software In the absence of standardized guidelines defining thresholds for multifocality, tumours were classified as either unifocal or multifocal as follows. Foci of either invasive disease or DCIS measured as being >4 mm apart in the plane of the image (anteriorposterior and superior-inferior) were considered to be distinct. In the direction of the serial slicing (medial-lateral dimension), foci in adjacent 4-mm sections were considered to be distinct if tumour discontinuity was evident to the pathologist using the image overlay and transparency functions available in Sedeen. For non-adjacent sections, the tumour was always considered to be multifocal if there was at least one intervening section with no tumour cells at the corresponding location.
STATISTICAL ANALYSIS
A set of 15 lumpectomies from the WMSS image set was randomly selected to estimate inter-rater variability with intra-class correlation (ICC) analysis. The total tumour area for 
Results
Very good reproducibility was observed for measurement of closest approach of tumour to margin ink (ICC 0.975, 95% confidence interval 0.929-0.991), and absolute agreement for both dichotomized outcomes (margin status and focality). Therefore, we have pooled evaluations from the two pathologists. The results for margin and focality assessments comparing WMSS and SCS are summarized in Table 1 , and indicate significant differences for both. The degrees of coverage achieved by the two presentations are compared in Table 2 , and indicate highly significant differences in the mean tumour area (invasive and in situ) between the two presentations.
The proportion of all cases in which a positive margin was identified with both presentations was 6.9% (4/58). For an additional 10.3% of all lumpectomies (6/58), a positive margin was detected only with WMSS, indicating that the sensitivity of WMSS is more than twice that of SCS for detecting a positive margin. In all six cases, SCS failed to sample the closest margin, which was composed of invasive ductal carcinoma in one case and DCIS in four cases. In the remaining, discordant case, the sampling template failed to capture the margin ink as intended, owing to a technical limitation (margin ink partially obscured or 'blurred' in the optical image because of opacity of the gel over the thickness of the slice). There were no discordant cases in which a positive margin was detected only with SCS. A key example of a positive margin that was not identified with SCS but that was apparent in the whole-mount presentation is shown in Figure 2 .
WMSS is almost three times as sensitive as SCS for detecting multifocal disease.
In 6.9% of all cases (4/58), multfocality was identified with both strategies. However, in 17.2% of all cases (10/58), multifocality was identified only in the WMSS evaluation.
For these 'misses', undersampling with SCS was usually implicated (9/10), and the focus that was missed was usually DCIS (7/10). In the remaining three of 10 cases, pathologist error in interpreting the WMSS images was deemed to be responsible for the discordance, and was resolved by consensus. An example of a second focus that was not identified with SCS but was apparent in the WMSS presentation is shown in Figure 3 .
When tumour area was taken as a metric for the clinically important tissue area available for examination in each presentation, coverage was significantly reduced with SCS ( We also report significantly higher inter-rater agreement than that in the only other analysis (to our knowledge) performed with whole-mount sections. 41 In addition to the key methodological difference described above for validation studies, Cserni et al.
utilized a study set of cases that had more 'challenging' pathology (multifocal tumours and those with significant intraductal components), whereas the random selection of cases in our ICC analysis resulted only in tumours that were deemed to be unifocal by both pathologists. In their work, Cserni et al. also adopted more stringent criteria for multifocality, and the raters comprised a panel of seven pathologists. However, in our study, both pathologists had the benefit of access to adjacent whole-mount sections in the serial-section presentation.
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Cost-effectiveness or efficiency in whole-mount sectioning relative to conventional sampling has been demonstrated for 'large' specimens, for which large numbers of conventional slides would otherwise be required. 31, 42, 43 In our study incorporating serial sectioning, additional technical costs were incurred. These costs were partly offset by savings, because the sampling task is eliminated, and because pathologist interpretation time is reduced by ~10% as compared with diagnosis based on smallformat slides.
If costs limit the widespread adoption of WMSS in routine clinical practice, it might be most effective to concentrate implementation on DCIS, lobular carcinoma, or tumours with diffuse patterns that insinuate in tissues. Observed 'misses' with SCS are accentuated in the presence of DCIS, possibly because of the absence of gross abnormality, which increases the risk of undersampling. In the present study, the limited sample size precludes analysis of the observed effects by tumour subtype to derive statistically meaningful conclusions. 44 There is consensus, however, that whole-mount sections, even at the rate of one per specimen, preferentially enhance the detection and presentation of DCIS as compared with invasive tumour. 30, 45 Likewise, whole-mount sections are well suited for the diagnostic challenge associated with detection of residual tumour after neoadjuvant chemotherapy. 31 For adoption of WMSS into broader clinical practice, validation of immunohistochemistry should follow the guidelines established by the College of American Pathologists/American Society of Clinical Oncologists. [46] [47] [48] There are two key differences between the WMSS and SCS image sets: with WMSS, conformation and spatial context are better preserved, owing to inherent 14 technical differences, and tissue coverage is increased. Both effects may be responsible for findings made only with WMSS, where, in contrast to SCS, each section demonstrates four margins (anterior-posterior and superior-inferior) simultaneously at a more precisely specified distance in the mediolateral dimension. Again, the sample size is too small to allow quantification of the relative contribution of each effect to the differences in margin and focality assessment. 44 However, because of the inherent bias in the study design, in which simulated conventional samples are created by digitally sampling wholemount slices (see 'Strengths and weaknesses'), coverage effects may contribute disproportionately. Both WMSS and SCS presentations benefit from specimen preparation techniques designed to preserve conformation and precisely label orientation in the mediolateral dimension. However, with SCS, the pathologist must still mentally reassemble conventional sections for each slice and draw inferences about the intervening tissues.
STRENGTHS AND WEAKNESSES
The SCS design is inherently biased in favour of SCS. This design, in which each patient serves as his or her own control, provides statistically significant technical validation results for WMSS with limited sample size. SCS is performed on tissues that are prepared and processed with WMSS techniques, and the sampling may therefore benefit from WMSS optimizations. First, tissue slices are uniformly 4 mm in thickness, in contrast to the variable thickness within and between slices (typically 5-15 mm) in freehand tissue slicing performed in the clinical setting. The quality of the WMSS slices can facilitate gross identification of suspicious areas for sampling by increasing the exposed surface area of tissues. Second, the tissue-processing schedule has been optimized to minimize linear shrinkage, which is estimated to be <9%. 36 Finally, although the optical images used to generate the specimen diagrams were degraded to simulate image quality in the photocopy used in clinical practice, the diagrams available to the pathologist for SCS interpretation inherently preserve a one-to-one correspondence between location on the diagram and that on the section. On the photocopied diagram, the estimated locations 
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